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Near the band edge of photonic crystal waveguides, localized modes appear due to disorder. We
demonstrate a new method to elucidate spatial profile of the localized modes in such systems using
precise local tuning. Using deconvolution with the known thermal profile, the spatial profile of
a localized mode with quality factor (Q) > 105 is successfully reconstructed with a resolution of
2.5 µm.
I. INTRODUCTION
(a) (b)
43.650 µm 1.455 µm
FIG. 1. (a) Visualization of the intensity of a typical disorder
induced localized mode in a photonic crystal waveguide. (b)
Zooming in of the center part of (a), the intensity is scaled
down in order to show that the periodic oscillation of the
intensity matches the period of the waveguide.
Disorder-induced multiple scattering of waves is a uni-
versal phenomenon in physics. Coherent scattering in a
disordered system leads to localization of waves [1, 2].
For a periodical system with disorder, localization of
waves appears near the edge of the energy band [3, 4]. In
photonics, photonic crystal waveguides (PhCWG) [5] are
well-known periodic systems where localization of light
[6–11] is unavoidable near the band edge because of the
ubiquitous disorder caused by fabrication [12, 13]. Local-
ization of light in PhCWGs appears as a set of spatially
random localized modes.
An example of a disorder-induced random localized
mode is shown in Fig. 1. The numerically calculated
intensity profile shows an envelope that is approximately
30 µm wide, and oscillates with a carrier frequency that
corresponds to the waveguide mode at the edge of the
Brillouin zone. Remarkably, the disorder on the 1-nm
scale shows no noticeable effect on the local structure of
the mode wavefunction, its main effect is the modifica-
tion of the envelope which is around 10 µm in scale. This
shows the the most important information of the random
localized mode is the spatial profile, the envelope of the
mode.
The random localized modes raise much interest be-
cause of their inherently high quality factor (Q), which
maybe utilized for random quantum networks [14]. The
spatial and the spectral characteristics of disorder in-
duced modes in PhCWGs are not predictable due to the
disordered nature. In previous works, characterizations
have been done using invasive methods that perturb the
structure, such as near field scanning optical microscopy
(NSOM) [9, 10] and enhanced emission measurements
from the quantum dots in the PhCWGs [14]. Time de-
pendent optical tuning by carrier injection induces local
index shift and absorption [15], hence it is not applicable
for high Q systems.
Here, we show a new non-invasive method to eluci-
date the spatial profile of the localized modes in a pho-
tonic crystal waveguide with unavoidable disorder. In
this method, we firstly use precise local thermal tun-
ing [16] to obtain the resonance wavelength shift as a
function of position. Secondly, using deconvolution with
the known thermal profile, we reconstruct the mode pro-
files of the disorder-induced modes. Using our method,
we successfully reconstruct the spatial profile a localized
mode with Q > 105 with a resolution of 2.5 µm.
II. SAMPLE AND APPARATUS
The sample and our experimental setup are shown
in Fig. 2. The sample is a triangle lattice photonic
crystal membrane structure made of GaInP [17]. The
thickness h of the membrane is 180 nm and the lattice
constant a is 485 nm. A barrier waveguide with width
W0 = 0.98
√
3a and length L = 106a is created in the
sample and it is side coupled to two carrier waveguides
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FIG. 2. Experimental setup and schematic representation of
the sample. A Photodiode (PD) is used to detect the trans-
mission signal. Polarization maintaining lensed fibers (PMF)
are used to couple light from the CW IR laser to the sample
and couple light out of sample to the PD.
with width W1 = 1.1
√
3a. The width of W1 guarantees
that in the frequency range of interest where disorder-
induced resonances show up in the barrier waveguide,
the carrier waveguides work in the fast light transport
regime in which the influence of disorder is most likely
to be only scattering loss rather than forming disorder-
induced resonances. A tunable continuous wave (CW)
infrared (IR) laser is coupled to the input carrier waveg-
uide of our sample by a polarization maintaining lensed
fiber (PMF) with numerical aperture (NA) of 0.55. The
transmitted signal from the sample is collected by an-
other lensed fiber, then detected by a photodiode (PD).
A pump spot from a CW diode laser (λpump = 405 nm)
is focused on our sample surface by an objective with
0.4 NA. The full width half maximum (FWHM) of the
pump spot is 0.83 µm, and the power is 20 µW. The sur-
face of the sample is imaged with a visible range camera
using a tube lens with a system magnification of ×27.
We control the position of the pump spot on the barrier
waveguide by writing blazed phase gratings with differ-
ent periods on a spatial light modulator. To suppress
oxidation effects [18, 19], the sample is kept in a N2 envi-
ronment with oxygen concentration less than 0.03% for
all measurements.
III. TRANSMISSION SPECTRA
In Fig. 3(a), we show a reference transmission spec-
trum of our sample. We see multiple narrow peaks and
dips on top of Fabry-Pe´rot fringes with Fano line shapes
[20], The narrow resonances correspond to the disorder-
induced localized modes in the PhCWG. In Fig. 3(b),
we show the transmission spectrum with and without a
pump spot at position x = 17.7 µm in the waveguide.
We observe a pump induced redshift of 163 pm for this
resonance. The reference wavelength of this resonance is
1531.515 nm and the observed Q factor for the reference
is 3.8× 105. Due to the pump laser noise, we see modu-
lation on the intensity of the transmitted signal, however
no significant influence on the linewidth is observed.
(a)
(b)
FIG. 3. (a) Transmission spectrum of the sample. (b)Zoomed
in reference (black) and pumped (red) transmission spectra of
the sample. The system transmission here is defined as the
ratio between the power we send into the input fiber and the
power we detect on the PD.
The redshift of the resonance is due to the increase of
the dielectric constant of the sample with temperature,
and it can be can also be calculated quantitatively by
first order perturbation theory [5],
∆λ(r0) ≈ λ0
∫
δ(r0 − r)|E(r)|2dr∫
(r)|E(r)|2dr . (1)
Here λ0 is the wavelength of the resonance shown in Fig.
3(a). E(r) represents the electric field of the mode. (r)
is the dielectric distribution of the waveguide. δ(r0 − r)
is the perturbation of the dielectric caused by the thermal
tuning, it is proportional to the temperature distribution
δT (r0 − r) and r0 is the pump position. In the first
order perturbation theory E(r) is unchanged for small δ.
Perturbation theory is only valid when shifts are small
compared to the spacing to any nearby mode.
IV. THERMAL PROFILE AND EXTRACTED
INTENSITY PROFILE
From a single transmission spectrum, it is not possible
to obtain the spatial information of the modes. With
the help of performing the spatial dependent tuning, the
3spatial information can be retrieved. When we move the
pump along the waveguide direction, the wavelength shift
we detect is the convolution of the intensity profile of the
resonance and the temperature profile that is induced
by the pump beam. Taking into account the fact the
system is 1D [21], the obtained wavelength shift at pump
position x0 can be approximated as
∆λ(x0) ≈ α
∫
(T (x0 − x)− T0)|EX(x)|2dx. (2)
Here, T (x) is the temperature profile along the waveguide
direction and temperature gradients transversal to the
waveguide are neglected, and T0 is the constant offset
temperature. |EX(x)|2 is the envelope of the mode profile
along the x direction, here y and z dependence of E(r)
is approximated to be as same as the waveguide mode
at the band edge, and can be integrated out. α is a
normalization factor. As a result, the spatial profile of
the localized mode can be reconstructed by deconvolving
the wavelength shift with temperature distribution.
We scan our pump beam along the waveguide from
x = 0 µm to x = 48.7 µm. The shift in wavelength of
the mode versus pump position is shown in Fig. 4(a).
We see that the wavelength shift varies with the pump
position. The maximum shift is observed when the pump
is around the middle of the waveguide. This shows the
mode is localized in the center part of the waveguide.
The temperature distribution caused by the pump beam
is calculated using the finite element method (COMSOL)
as in Ref. 16. Following the same procedures, we have
simulated the temperature distribution in the waveguide,
it is shown in Fig. 4(a). We see that although the tem-
perature distribution has a relatively narrow peak, it has
a considerably wide base. This indicates that the en-
velope function of the random localized mode is signifi-
cantly blurred by the temperature profile. Thus, in order
to reconstruct the mode profile of the disorder-induced
localized mode, deconvolution is needed.
We perform the deconvolution procedures in the
Fourier domain. Using the notation F to represent
Fourier transform, we define I(fx) = F
{|EX(x)|2},
S(fx) = F
{
∆λ(x)
}
and H(fx) = F
{
T (x0 − x) − T0
}
.
Before the Fourier transform, we interpolate the mea-
sured wavelength shift to match the resolution of the
simulated temperature profile. I(fx) is obtained by
I(fx) =
S(fx)
H(fx)
G(fx), (3)
here G(fx) is a Butterworth filter. The cutoff of the filter
is determined by SNR(fx), which in our case is defined as
SNR(fx) =
|S(fx)|2
Var[S(fx)]
. The cutoff of G(fx) is selected at
the frequency where SNR(fx) = 1. For our experimental
data, fcutoff = 0.4 µm
−1. From the cutoff frequency we
estimated our resolution to be 2.5 µm which is f−1cutoff.
|EX(x)|2 can be obtained by F−1{I(fx)}.
Using the procedure mentioned above, we deconvolve
the wavelength shifts obtained from 5 measurements on
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FIG. 4. (a) Black circles: mean value of wavelength shift ver-
sus pump spot position of 5 independent measurements. The
standard deviation is approximately equal to the symbol size.
Red curve: temperature distribution along the waveguide di-
rection. (b) Black curve: reconstructed mode profile along
the waveguide direction. Pink bar: 3σE confidence interval.
the same structure. After the deconvolution, we first
calculate the mean value and standard error of the 5 re-
sults. Secondly, we estimate the upper and lower confi-
dence limits of the reconstructed signal as |EX(x)|2± =
|EX(x)|2 ± 3σE(|EX(x)|2). |EX(x)|2 is the mean of
the deconvolved intensities, σE(|EX(x)|2) is the stan-
dard error. Thirdly, we used simple moving average to
smooth |EX(x)|2±. The averaging period is 2.5 µm. The
smoothed results are the final upper and lower limits of
the reconstructed mode profile. Finally, we calculate fi-
nal reconstructed profile as the mean of the upper and
lower limits. The final reconstructed intensity profile is
presented in Fig. 4(b). In Fig. 4(b), we see the intensity
profile is narrower than the wavelength shift and it has
multiple peaks in the center part. Wiggles outside the
center part of the mode are due to Gibbs oscillation [22].
The disorder-induced mode profile in Fig. 4(b) is
localized mainly from around x = 12 µm to around
x = 38 µm. The envelope function has a complicated pro-
file with several local maxima, which are well resolved by
our method. Although the spatial extent of the retrieved
mode is around 28 µm which is fairly large compared to
modes of high Q photonic crystal cavity such as L3 cav-
ity [23], thanks to the high Q, the value of Q/V as the
gauge of Purcell factor [24] of this resonance is similar to
the value reported in Ref. 23. It has to be pointed here
4that the measured Q here is the loaded Q which means
two leakage channels contribute here, out-of-plane scat-
tering and loading to the waveguides. From the depth
of the resonance dip from our reflection measurement,
we estimate that more than 90% of the loss is from the
out-of-plane scattering for this resonance.
V. NUMERICAL VALIDATION
In order to validate our method against a reference
mode which is a known disorder-induced resonance, we
performed a direct simulation of our experiments.
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FIG. 5. Numerical validation of the mode reconstruction
method. (a) Amplitude of the y component of the electric
field |Ey| of a simulated mode. (b) Black circles: wavelength
shift versus pump spot position. The effect of the pump is
simulated by the relative change of the dielectric constant
distribution as shown in the top left. (c) Green curve: di-
rectly simulated intensity projected along the x axis. Black
curve: reconstructed profile from simulated measurement.
The direct simulations are done in two dimensional
(2D) finite difference time domain simulations [26]. 2D
simulations with an effective index method are valid in
a short frequency range for membrane structures [25],
also they have been used to estimate the mode volume of
disordered-induced resonances of experimental realistic
photonic crystal waveguides [21]. Therefore, performing
2D simulation is sufficient to validate our method.
In our simulation, between the perfect matching layers
(PML) and photonic crystal there are dielectric padding
layers with refractive index 3.17. In simulations, the lat-
tice constant a of the structure and the radius of the holes
are uniformly randomly distributed within the range of
485.00± 4.85 nm and 121.2500± 1.2125 nm respectively.
This disorder level is the fabrication accuracy of our sam-
ple. The length of the waveguide is 106 a. For one sin-
gle realization, in order to obtain the field patterns of
disorder-induced modes we follow the following proce-
dure. Firstly, multiple sources with broad linewidth are
randomly placed in the waveguide to excite the disor-
der induced localized modes. Meanwhile, multiple de-
tectors are placed randomly in the waveguide to anaylze
the field evolution. In such a way, we obtain the res-
onance frequencies of the disorder-induced modes. Sec-
ondly, we place multiple sources with narrow linewidth in
waveguides in a random way. The sources are spectrally
matched to only one of the resonances extracted before.
In such a way, we obtain the field pattern of the disorder-
induced modes. A disorder-induced localized mode in
one random realization with wavelength 2172.855 nm is
shown in Fig. 5(a). From the field pattern, we see the
simulated disorder-induced localized mode has a periodi-
cal oscillation very similar to the waveguide mode, except
it is localized rather than extended through the waveg-
uide.
We create a profile of ∆(x, y) to simulate the change
due to the pump, which is shown in the top left of Fig.
5(b). It is a discretized Gaussian function with sharp
stop. The width of the Gaussian function is 3.5 µm.
The total width of the truncated function is 10.2 µm.
Care has been taken to avoid overlapping boundaries as
they lead to unwanted changes in FDTD simulations that
are equivalent to extra disorder in the subpixel averaging
[27]. The pump scan in the experiment is simulated by
changing the center of ∆. The shift in wavelength versus
the pump position of the simulated experiment is shown
in Fig. 5(b). The fine features in Fig. 5(a) are lost
because of the width of the simulated pump beam. From
Fig. 5(b), we can only obtain the information of where
the mode is localized. By performing the same procedure
as for the experimental data, we deconvolve the data in
Fig. 5(b) with the cross section of ∆. The result is
shown in Fig. 5 (c). The reconstructed intensity has 3
resolvable peaks. We also plot the integrated intensity
along y axis of the mode which is the reference mode in
Fig. 5 (c). We see the reconstructed intensity is very
similar to the reference mode. It is noticed that there
is an overestimation of the amplitude around position
x = −16 µm. This is because of the interaction of a
nearby mode with wavelength of 2171.437 nm. When
the pump is moved around x = −16 µm, the mode with
short wavelength has a larger response than the mode we
want to retrieve. This causes a weak hybridization of the
5modes. As a consequence, the mode we want to retrieve
experiences a bigger shift than expected from the first
order perturbation theory (Eq. 1). Nevertheless, the
features and positions of the local peaks are very well
resolved.
VI. CONCLUSION
In conclusion, we successfully retrieve the spatial pro-
file of a random localized mode in a PhCWG by perform-
ing spatially dependent thermal tuning and deconvolu-
tion procedures. A direct simulation of our experiment
shows that the deconvolution procedure in our method
gives a reconstructed mode profile close to the reference
mode. Besides measuring the intensity profile of disor-
der induced modes in PhCWGs which is a 1D system,
our method can be straightforwardly applied to higher
dimensional disordered systems [28, 29]. Our method as
an accurate tool to retrieve the mode profiles contributes
an essential step towards engineering the functionality of
the disordered photonic systems [19, 30].
ACKNOWLEDGMENTS
The authors thank Ravitej Uppu and Willem L. Vos
for helpful discussions and Cornelis Harteveld for tech-
nical support. This work is supported by the European
Research Council project No. 279248 and Nederlandse
Organisatie voor Wetenschappelijk Onderzoek.
[1] P. W. Anderson, “Absence of diffusion in certain random
lattices”, Phys. Rev. 109, 1492 (1958).
[2] A. Lagendijk, B. van Tiggelen, and D. S. Wiersma,
“Fifty years of Anderson localization”, Phys Today 62,
24 (2009).
[3] P. W. Anderson, “ The size of localized States near the
mobility edge.”, Proc. Natl. Acad. Sci. 69, 1097 (1972).
[4] S. John, “Electromagnetic Absorption in a Disordered
Medium near a Photon Mobility Edge”, Phys. Rev. Lett.
53, 2169 (1984).
[5] J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R.
D. Meade , Photonic Crystals: Molding the Flow of Light
(Princeton University Press, Princeton, 2008).
[6] M. Patterson, S. Hughes, S. Combrie´, N. V. Q. Tran, A.
De Rossi, R. Gabet, and Y. Jaoue¨n, “Disorder-Induced
Coherent Scattering in Slow-Light Photonic Crystal
Waveguides, Phys. Rev. Lett. 102, 253903 (2009).
[7] S. Mazoyer, J. P. Hugonin, and P. Lalanne, “Disorder-
Induced Multiple Scattering in Photonic-Crystal Waveg-
uides”, Phys. Rev. Lett. 103, 063903 (2009).
[8] V. Savona, “Electromagnetic modes of a disordered pho-
tonic crystal”, Phys. Rev. B. 83, 085301 (2011).
[9] M. Spasenovic´, D. M. Beggs, P. Lalanne, T. F. Krauss,
and L. Kuipers, “ Measuring the spatial extent of individ-
ual localized photonic states”, Phys. Rev. B 86, 155153
(2012).
[10] S. R. Huisman, G. Ctistis, S. Stobbe, A. P. Mosk, J. L.
Herek, A. Lagendijk, P. Lodahl, W. L. Vos, and P. W. H.
Pinkse, “ Measurement of a band-edge tail in the density
of states of a photonic-crystal waveguide”, Phys. Rev. B
86, 155154 (2012).
[11] R. Faggiani, A. Baron, X. Zang, L. Lalouat, S. A. Schulz,
K. Vynck, B. O. Regan, B. Cluzel, F. De Fornel, T. F.
Krauss, and P. Lalanne, ”Lower bound for the spatial
extent of localized modes in photonic-crystal waveguides
with small random imperfections”, Sci Rep. 6, 27037
(2016).
[12] A. F. Koenderink, A. Lagendijk, and W. L. Vos, “Op-
tical extinction due to intrinsic structural variations of
photonic crystals”, Phys. Rev. B 72, 153102 (2005).
[13] E. Kuramochi, M. Notomi, S. Hughes, A. Shinya, T.
Watanabe, and L. Ramunno,“ Disorder-induced scat-
tering loss of line-defect waveguides in photonic crystal
slabs” Phys. Rev. B 72,161318 (2005).
[14] L. Sapienza, H. Thyrrestrup, S. R. Stobbe, P. D. Garcia,
S. Smolka, and P. Lodahl, “Cavity quantum electrody-
namics with Anderson-Localized Modes, Science 1027,
1352 (2010).
[15] R. Bruck, B. Mills, B. Troia, D. J. Thomson, F. Y.
Gardes, Y. Hu, G. Z. Mashanovich, V. M. N. Passaro,
G. T. Reed, and O. L. Muskens, “ Device-level charac-
terization of the flow of light in integrated photonic cir-
cuits using ultrafast photomodulation spectroscopy, Nat.
Photonics 9, 54 (2014).
[16] S. Sokolov, J. Lian, E. Yu¨ce, S. Combrie´, G. Lehoucq,
A. De Rossi, and A. P. Mosk, “Local thermal resonance
control of GaInP photonic crystal membrane cavities us-
ing ambient gas cooling, Appl. Phys. Lett. 106, 171113
(2015).
[17] S. Combrie´, Q. V. Tran, A. De Rossi, C. Husko, and P.
Colman, “ High quality GaInP nonlinear photonic crys-
tals with minimized nonlinear absorption, Appl. Phys.
Lett. 95, 221108 (2009).
[18] N. Caselli, F. Intonti, C. Bianchi, F. Riboli, S. Vignolini,
L. Balet, L. H. Li, M. Francardi, A. Gerardino, A. Fiore,
and M. Gurioli, “Post-fabrication control of evanescent
tunnelling in photonic crystal molecules, Appl. Phys.
Lett. 101, 211108 (2012).
[19] F. Riboli, N. Caselli, S. Vignolini, F. Intonti, K. Vynck,
P. Barthelemy, A. Gerardino, L. Balet, L. H. Li, A. Fiore,
M. Gurioli, and D. S. Wiersma, “Engineering of light con-
finement in strongly scattering disordered media”, Nat.
Mater. 13, 720 (2014).
[20] A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, “Fano
resonances in nanoscale structures”, Rev. Mod. Phys. 82,
2257 (2010).
[21] H. Thyrrestrup, S. Smolka, L. Sapienza, and P. Lodahl,
“Statistical Theory of a Quantum Emitter Strongly Cou-
pled to Anderson-Localized Modes”, Phys. Rev. Lett.
108, 113901 (2012).
[22] G. B. Arfken, H. J. Weber , Mathematical Methods for
Physicists, 3rd ed (Academic Press, Orlando, 1985).
[23] Y. Akahane, T. Asano, B-S. Song and S. Noda, “High-Q
photonic nanocavity in a two-dimensional photonic crys-
6tal”, Nature 425, 944 (2003).
[24] E. M. Purcell, “Spontaneous emission probabilities at ra-
dio frequencies”, Phys. Rev. 69, 37 (1946).
[25] M. Qiu “Effective index method for heterostructure-
slab-waveguide-based two-dimensional photonic crystals,
Appl. Phys. Lett. 81, 1163 (2002).
[26] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. D.
Joannopoulos, and S. G. Johnson, “Meep: A flexible
free-software package for electromagnetic simulations by
the FDTD method”, Comput Phys Commun. 181, 687
(2010).
[27] A. Farjadpour, D. Roundy, A. Rodriguez, M. Ibanescu,
P. Bermel, J. D. Joannopoulos, S. G. Johnson, and G.
Burr, “ Improving accuracy by subpixel smoothing in
FDTD”, Opt. Lett. 31, 2972 (2006).
[28] R. Sarma, A. Yamilov, P. Neupane, B. Shapiro, and H.
Cao, “Probing long-range intensity correlations inside
disordered photonic nanostructures”, Phys. Rev. B 90,
014203 (2014).
[29] K. Vynck, M. Burresi, F. Riboli, and D. S. Wiersma,
“Photon management in two-dimensional disordered me-
dia”, Nat. Mater. 11, 1017 (2012).
[30] D. S. Wiersma, “Disordered photonics”, Nat. Photonics
7, 188 (2013).
